Activated carbons (ACs) were prepared from a lignocellulosic-based waste material by a chemical impregnation method using KOH, NaOH or CaCl 2 as the activating agent. These ACs were characterized by different techniques such as N 2 adsorption, FTIR, XRD and SEM. Electrostatic properties viz. pH and pH pzc of AC suspensions in aqueous media were measured. The concentration of surface oxygenated functional groups of the ACs was estimated following the Boehm titration method. Cyclic voltammetry was conducted in H 2 SO 4 after fabricating two-electrode capacitor cells of the ACs. The correlation of AC surface chemistry and morphology with electrochemical performance (capacitance) of powdered electrodes is analyzed and discussed.
Introduction
Electrochemical double layer capacitors (EDLCs) also known as supercapacitors are promising high power energy sources for many different applications where high power density, high cycle efficiency and long cycle life is needed [1] [2] [3] [4] [5] . In electrochemical capacitors, the electrical energy is stored based on the separation of opposite charges in a double layer across the electrode/electrolyte interface. Activated carbons (ACs) have been widely used as electrode materials for EDLCs because of their superior physicochemical stability, high surface area and well-developed pore systems [1] [2] [6] - [14] . The double layer capacitance is partly determined by the morphological properties of the porous electrodes, essentially, the surface area and pore size distribution of the carbon [15] . Further, the electrochemical behavior of carbon electrodes is associated both with surface roughness and the presence of oxygenated surface functional groups [4] , [6] , [16] , [17] . The surface morphology of ACs depends on both the activation process and the nature of the precursor [1] , [18] [19] [20] [21] . Considerable effort has been extended to find suitable precursor materials and activation processes for ACs possessing the essential characteristics needed for EDLC applications [1] , [2] , [5] , [7] , [13] .
ACs are generally prepared by either physical or chemical activation methods from a wide range of precursor materials [1] , [18] [19] [20] [21] . The physical activation process involves carbonization of the material followed by gasification with activating agents such as CO 2 , steam or a combination of both [18] [19] [20] [21] . The chemical activation method involves impregnation of the precursor with a chemical agent such as H 3 PO 4 , ZnCl 2 , NaOH, KOH, etc. and then activated at a comparatively high temperature [19] [20] [21] . The chemical activation method is advantageous for producing very high surface area AC [19] [20] [21].
The principal objective of the present work is to explore the feasibility of using lignocellulosic-based ACs as an electrode material for EDLC application. The ACs are prepared following a chemical impregnation method from the testas of Mesua ferrea oil seed, extensively grown in the North Eastern part of India and considered as waste material in biodiesel production [22] . Surface morphology of the ACs is studied using various characterization techniques. Electrochemical performance of the ACs as electrode materials in EDLCs is evaluated.
Materials and Methods

Preparation of AC
The precursor for production of porous carbon was waste material of the testa of an oil seed, Mesua ferrea used in the production of biodiesel. Scheme 1 shows a Scheme 1. Schematic representation of the preparation of activated carbon from Mesua ferrea testa. (ii) Washed photograph of the testa and the detailed scheme of the preparation of activated carbon. The precursor material was first washed with distilled water to remove water-soluble impurities and surface adhered particles and then dried at 60˚C to remove moisture and other volatile impurities. The dried material was cut into small pieces. Prior to activation, the precursor was carbonized at 450˚C for 30 min under a nitrogen flow rate of 100 cm 3 •min −1 . The rate of heating and cooling was 5˚C min −1 . The charcoal was ground and sieved to particle size range of 20 -30 BS (British Standard). This step was intended to produce a dense carbonized material prior to impregnation and activation. ACs were prepared by chemical activation using KOH, NaOH or CaCl 2 (activating agent, CAK, CAN and CAC respectively) following an impregnation procedure. 4 g of charcoal was well mixed by stirring with a solution that contained 20 ml water and 16 g of the activating agent for 2 h at 70˚C. The resulting slurry was dried at 110˚C for 24 h in an oven under air atmosphere. Activation was carried out in a vertical furnace by heating (15˚C min ) before cooling at the same rate and environment.
The product was washed with hot deionized water several times. This was followed by refluxing with 25% HNO 3 for 2 h at ~100˚C before filtering and washing with hot deionized water for a number of times until the pH of the filtrate is neutral (and free from chloride in case of CaCl 2 activation). Finally, the samples were washed with methanol and dried at 110˚C for 48 h in an oven. The samples were preserved in a desiccator. The yield of ACs was in the range of 30% -35%.
The proximate and ultimate analysis of the precursor and the ACs are given in 
Characterization of AC
Surface area of the ACs were estimated by physical adsorption of N 2 gas measured at 77 K with a Sorptomatic 1900 (Carlo Erba) using the BET model. Prior to the experiments, the samples were outgassed at 250˚C under vacuum for 24 h.
Total pore volumes were calculated using the Horvath-Kawazoe (HK) approach [23] . Micropore and mesopore volumes of the ACs were calculated using the Dubinin-Radushkevich (DR) [24] and Barrett-Joyner-Halenda (BJH) [25] methods, respectively.
Fourier transformed infrared (FTIR) spectra were acquired using a Perkin
Elmer FTIR 1600 Spectrophotometer. The samples were mixed with KBr and a mixture containing 0.1 wt. % materials was pressed into pellets. Spectra were obtained by averaging 100 scans in the 4000 -400 cm −1 spectral range at a resolution of 4 cm −1
. Surface morphology of the ACs was observed using a FEI Inspect F Scanning Electron Micrograph (SEM) operating at an accelerating voltage of 10 kV.
The ACs were characterized by the pH of their aqueous suspension measured under standardized conditions [26] , [27] . The point of zero charge (pH pzc ) was measured to investigate the total surface charge of the ACs in accordance to the standard method [28] . At a solution pH lower than pH pzc , the total surface charge is positive on average, whereas at the higher solution pH it is negative [29] , [30] . The admixture of 100 mg of AC and 50 ml of 0.1 M KNO 3 solution was agitated for 24 h at 27˚C to allow it to reach the equilibrium state. The initial pH of KNO 3 solution was changed from 2 to 10 using 0.1 M HNO 3 and 0.1 M KOH. When the equilibrium pH did not change with increasing the initial pH, the constant pH value was considered as the point of zero charge for the AC.
The equilibrium solution pH was measured by a Thermo Scientific ORION 4 STAR digital pH meter.
Boehm titration method was used to determine the oxygenated functional groups of the ACs [31] [32] [33] . In this method, the following assumptions were made to distinguish the surface-oxygen functional groups based on their acidity: C 2 H 5 ONa neutralizes carboxylic, lactonic, phenolic and carbonyl groups;
NaOH neutralizes carboxylic, lactonic and phenolic groups; Na 2 CO 3 neutralizes carboxylic and lactonic groups and NaHCO 3 only neutralizes carboxylic groups [34] [35] [36] . 1 g of AC was separately mixed with 15 ml of the above-mentioned basic solutions and agitated at 150 rpm for 48 h to complete the neutralization. From the remaining basic solution, 5 ml was separated and back titration was performed with 0.1 M HCl using methyl red as a colour change pH indicator.
Electrochemical Studies of AC
To prepare the electrodes, a slurry of AC and polytetrafluoroethylene (PTFE) binder (20:1 weight ratio) was pressed on a stainless-steel-foil current collector 
Results and Discussion
Material Characterization
The N 2 adsorption isotherms at 77 K were used to assess the pore characteristics of the ACs and are presented in Figure 1 . This set of isotherms allows us to observe the effect of the activating agents during the pyrolysis step. All isotherms exhibit Type I profile typical of microporous materials according to BET classification systems [37] and show an increase in the adsorption at low P/P˚ (0.0 to 0.05), an indistinct inflection (P/P˚ = 0.1 to 0.3) and a long plateau extending to P/P˚ ~1.0. The adsorption isotherms provide further information on the pore size distribution and the dependence on the nature of the activating agents. The overall shape of the isotherms suggests that the ACs possess uniform pore size and the contribution of mesoporosity being considerably low (from the magnitude of the inflation). These observations are in agreement with the porous texture results listed in Table 2 . The results further indicate that activation with KOH produced the best quality AC with regards to porous texture. SEM was used to determine the morphology of the lignocellulosic derived ACs. Clearly, the distribution and sizes of the pores is critical in determining the applicability of ACs [38] . The plan view SEM images of the three ACs presented in Figure 3 show that these carbons have an irregular and highly macroporous . This band is usually assigned to C=O stretching vibrations of ketones, aldehydes, lactones or carboxyl groups. Broad bands at 1300 -1000 cm −1 have been attributed to the C-O stretching in acids, alcohols, phenols, ethers and esters [39] , [40] . Moreover, a new strong band centering at ~1557 cm −1 and another weak band at ~1280 cm −1 are observed in the spectra of all the three ACs. These peaks are attributed to the symmetric and asymmetric vibrations of -NO 2 groups [41] . The presence of this group probably arises from the washing stage and the HNO 3 reflux used. The various carbon-oxygen groups are probably due to oxidation of the carbons by HNO 3 . Elemental analysis further supports this suggestion ( Table 1 ).
The acid-base properties of AC are important when this class of material is used as electrode material/adsorbents. The pH of carbon suspension in de-ionized water is highly acidic as is evident from the results of Table 3 . There are however, variations in the pH of the carbon suspensions. This is obviously due to the effect of the activating agents used in the preparation stage. AC prepared using NaOH produced the most acidic carbon suspension. The point of zero charge (pH pzc ) values listed in Table 3 were obtained from Figure 5 where the equilibrium solution pH was plotted against the initial solution pH for all the three ACs. The constant equilibrium solution pH exhibits the point of zero charge (pH pzc ). The pH pzc values of the three ACs fall in a narrow range of 6.7-7.5
which is promising for use as aqueous phase adsorbents [42] . There is a minor variation in pH pzc for the materials due to the chemicals used in the activation process. Table 3/ Figure 5 indicate that pH and pH pzc are on the acidic side of Figure 5 . Relationship of equilibrium solution pH (pH final ) and initial solution pH (pH initial ) for the determination of pH pzc of AC suspensions. the pH scale for CAN and CAC carbons. This is consistent with the variation in the level of acidic surface functional groups (Table 3) . Of the four types of acidic functional groups present carboxylic and phenolic groups are primarily responsible for the acidic properties observed. These two functional groups dissociate readily in water to generate H + when compared to lactonic and carbonylic groups. The overall amount of carboxylic and phenolic groups are highest for the CAN and CAC carbons and explains their acidity.
Electrochemical Investigations
The electrochemical properties of the ACs as electrode materials for EDLCs/supercapacitors were evaluated using cyclic voltammetry (CV) measurements. The charge-discharge operations. Thus, at high sweep rates, the ohmic resistance of electrolyte motion in the pores has affected the double layer formation mechanism which is important for the charge storage [43] , [44] . This may arise from increased induced current with higher sweep rates. This induced current can increase the potential difference between the mouth and bottom of the pores thereby resulting in the delayed current response [13] . However, the situation for CAK carbon is different to a certain extent. . The relationship between the retained capacitance ratios (i.e., capacitance decay) and voltage sweep rate is plotted in Figure 7 (a). Here, the specific capacitance values Figure 7 (b). The linearity of these dependences and lines starting at point (0, 0) confirm almost purely Coulombic character of the process tested. The ability for charge accumulation depends upon the specific surface area of AC. A direct relationship between capacitance and surface area exists and is given by:
where, ε is permittivity of the electrolyte, S is surface area of the electrode-electrolyte interface, and d is distance between the polarized AC surface and the maximum charge density of solvated ions [45] , [46] . Generally, the higher the specific surface area of the AC, the higher the ability for charge storage. The spe-cific surface area of CAN carbon is low in comparison to CAK carbon (Table 2) , but it shows the highest capacitance value. This could be due to the fact that at slow sweep rate the ions have enough time to diffuse into the micropore surface of CAN carbon (72.7% micropore fraction). Comparatively, both CAK and CAC carbons possess less capacitance at slow sweep rate of 5 mV/s; however, CAK carbon can maintain most of their capacitance at high voltage sweep rate (Figure 7(a) ). This AC has the highest surface area and mesopore fraction amongst all the ACs investigated, which explains this behaviour. The solvated ions can diffuse fast enough into the mesopores of CAK carbon even at high voltage sweep rate of 50 mV/s. However, it is difficult to establish a direct relationship between surface area and capacitance of the ACs investigated. This observation is well documented in Figure 8 , which depicts the relation between surface area and capacitance of the ACs. The functional groups may import an additive enhancement of the specific capacitance of polarizable electrode. The surface oxygen-containing moieties such as carbonyl, hydroxyl, etc. are electrochemically active in both the capacitive and Faradic sense. These Faradically active surface groups can contribute to the measured charge and consequently to the capacitance values (i.e., a pseudocapacitance) [16] , [47] , [48] . Interestingly, features due to pseudocapacitive processes are not observed in the voltammograms. This does not necessarily ascribe the zero contribution of pseudocapacitance to the total capacitance of the electrode systems. The functional groups on AC surface can be attractable for the solvated electrolyte ions [49] , [50] . The process is due to physical adsorption, by electrostatic forces between the AC surface and electrolyte ions. Further, the increase in oxygenated functional groups content may improve the wettability of the AC surface in the electrolyte resulting in a corresponding increase of the real area of the built-up double layer [50] . There are reports that higher capacitance can be achieved through the attachment of a variety of functional groups using thermal, chemical and electrochemical treatments [51] , [52] . The relationship between total acidic functional groups verses capacitance as shown in Figure 9 , are indicative of the decisive role of surface concentration of oxygenated functional groups in double layer formation and consequently capacitance. Figure 9 clearly demonstrates the reason why CAN carbon possesses the highest capacitance value at slow sweep rate amongst the ACs tested.
Conclusion
The ACs prepared here are predominantly microporous with highly developed surface area and porous texture. 
